Transcranial magnetic stimulation (TMS) of the human lateral prefrontal cortex, particularly the ventral region, often causes considerable discomfort to subjects. To date, in contrast to abundant literature on stimulations to the dorsolateral prefrontal cortex, the ventrolateral prefrontal cortex has been less frequently stimulated, partly because some subjects are intolerable of stimulation to the ventrolateral prefrontal cortex. To predict the additional number of subjects required for the stimulation of the dorsolateral and ventrolateral prefrontal cortices, 20 young healthy subjects reported two evaluation scores: the discomfort caused by TMS and the resulting intolerability to complete the TMS experiments. Single-pulse stimulation (SPS) or theta-burst stimulation (TBS) was administered to the lateral prefrontal cortex. The high-resolution extended 10-20 system was used to provide accurate estimation of the voxelwise scores. The discomfort ratings with the SPS and TBS were relatively higher in the ventrolateral prefrontal cortex than those in the dorsolateral prefrontal cortex. Both the SPS and TBS elicited maximal discomfort at the stimulation position F8. The SPS and TBS to F8 under the standard TMS protocols were intolerable for approximately one half (11 and 10, respectively) of the subjects. The intolerability was further calculated for all voxels in the lateral prefrontal cortex, which enabled us to estimate the additional number of subjects required for specific target areas. These results suggest that prior knowledge of subjects' discomfort during stimulation of the lateral prefrontal cortex can be of practical use in the experimental planning of the appropriate number of recruited subjects and provide the database for the probability of intolerability that can be used to predict the additional number of subjects.
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Introduction
Transcranial magnetic stimulation (TMS) of the lateral prefrontal cortex can be powerful in noninvasive studies of the causal relationship of brain regions with cognitive functions [1] [2] [3] [4] [5] [6] [7] [8] . However, TMS research in the lateral prefrontal cortex is limited. Stimulation to the lateral prefrontal cortex often causes considerable discomfort to subjects [9] [10] [11] [12] [13] [14] [15] [16] due to a greater density of muscles and nerves in the prefrontal regions [17] [18] [19] . Stimulation of the dorsal region of the lateral prefrontal cortex has frequently been reported , while fewer (approximately one-third, based on our PubMed search) studies have reported stimulation of the ventral region of the lateral prefrontal cortex [41] [42] [43] [44] [45] [46] [47] [48] . Stimulation of brain regions that tend to elicit discomfort appears nonpreferred, partly because some subjects are intolerant of stimulation to the brain regions. The intolerability of unpreferred brain region stimulation results in data loss of some subjects and, therefore, the loss of study power. However, prior knowledge of intolerability caused by stimulation is helpful in the experimental planning of the appropriate sample size.
Previous studies have performed detailed scalp mapping of discomfort using the standard 10-20 system during single-pulse stimulation (SPS) and have provided evidence that discomfort exerts small but significant delays in the reaction times of cognitive tasks [49, 50] . We extended the prior studies such that estimation of the additional number of subjects to be recruited in stimulating the lateral prefrontal cortex could be provided. Specifically, in the present study, subjects reported discomfort caused by TMS and the resulting intolerability to complete TMS experiments. Discomfort is a subjective feeling that makes an experiment difficult to continue, and intolerability is a result of discomfort that can be binarized regarding whether or not the experiment can be continued. In addition to SPS, which is the most basic stimulation, we also examined continuous theta-burst stimulation (TBS) [2, 51] , which seems to be the most useful rTMS in studying cognitive functions because of the prevalence and reasonable duration of effects. Moreover, the high-resolution extended 10-20 system (10-10 system) [52, 53] was applied to the lateral prefrontal cortex, which can be used to estimate the discomfort and intolerability of stimulation of any region in the lateral prefrontal cortex.
Materials and methods

Subjects
Twenty right-handed subjects [10 men and 10 women; age: 26.0 ± 9.0 years (mean ± SD), ranging from 20 to 49] participated in the study. At least 20 samples are known to be required to minimize false positive observations [54] . Written informed consent was obtained from all subjects based on the guidelines of the Declaration of Helsinki. The experimental procedures were approved by the Institutional Review Board of Juntendo University School of Medicine. All raw data are uploaded as supplementary materials (S1 Dataset).
TMS procedures
TMS was administered using a hand-held figure-of-eight coil (7-cm diameter at each wing; The Magstim Company, Whitland, Dyfed, UK). Monophasic SPS and biphasic TBS [2, 51] were administered in the main experiments (Blocks 1 to 5) (Fig 1A) . Prior to the main experiments, monophasic SPS was administered to determine the optimal stimulation site by searching likely regions for the optimal site and the resting motor threshold (RMT) for the right first dorsal interosseous (FDI) muscle [55] [56] [57] for a later main experiment using SPS. The RMT was defined as the lowest intensity that evoked a small response (> 50 μV) in 5 or more (typically 5 or 6) of 10 consecutive trials in the relaxed FDI. Motor evoked potentials were recorded from the right FDI muscle using Ag/AgCl sheet electrodes placed over the muscle belly (active) and the metacarpophalangeal joint of the index finger (reference). The signals were sent to an amplifier (The Nihon Kohden Co., Tokyo, Japan) through filters set at 150 Hz to 3 kHz. Biphasic SPS was also conducted in a similar way to determine the optimal stimulation site and the active motor threshold (AMT) for the right FDI muscle for a later main experiment using TBS. The AMT was defined as the lowest intensity that evoked a small response (> 100 μV) in more than 5 of 10 consecutive trials when subjects maintained a slight contraction of the right FDI (10% of the maximum voluntary contraction determined after several trials). The intensity of TMS was not adjusted [58] [59] [60] because the aim of the present study is to measure discomfort caused by stimulation of the nerves and muscles outside the brain rather than to investigate the effects of TMS on the brain and behavioral performance.
We used SPS in Blocks 1, 2 and 3 and TBS in Block 4 ( Fig 1A) . For TBS, 50 Hz triple-pulses were repeated at 5 Hz only for one second instead of the standard 40 seconds [2, 51] to Evaluation scores of discomfort and intolerability reported after each trial at each stimulation position. Discomfort was rated from 0 to 10, and intolerability was defined as "none," "moderate" and "severe".
https://doi.org/10.1371/journal.pone.0217826.g001 minimize the total amount of stimulation at 11 stimulation positions. Four of the subjects were first examined for 1 second, 2 seconds and 40 seconds, and it was determined that the scores using 1 second were sufficiently similar to those using 40 seconds. The stimulation intensity in Block 1 was set to 30% of the maximum output of the stimulator (a sufficiently small intensity used in TMS studies), while that in Block 2 was set to 50% [50, 61] . In Blocks 3 and 4, the intensity was set individually at 120% RMT and 80% AMT of each subject. The monophasic RMT was 48.0 ± 6.8% (mean ± SD) of the maximum stimulator output, and the biphasic AMT was 35.8 ± 3.4%. After Block 4, in 10 of the 20 subjects who had sufficient additional time for the retest, one block was additionally administered as a retest of Block 2 using the same intensity (50%) as that in Block 2.
The scalp locations of the stimulation were measured and marked using the extended 10-20 system designed for electroencephalogram examination. Stimulations were administered to 11 electrode locations in the extended 10-20 system covering the prefrontal cortex of the right hemisphere, which implements response inhibition [56, 57, 62, 63] that we investigate using the present results (Fig 1B) . In each block of the main experiments, stimulations were administered to each location in the predetermined order (Fp2, AF4, AF8, F8, F6, F4, F2, FC2, FC4, FC6 and FC8) for one-half of the subjects and in the reverse order for the other half of the subjects.
Evaluation scores
After each trial of SPS and TBS, the subjects were instructed to report the extent of discomfort they felt from the stimulation and the extent to which they could tolerate it (Fig 1C) . Discomfort was evaluated using a numeric rating scale similar to the visual analogue score with a range from 0 to 10, where 0 represented that there was no discomfort at all, and 10 represented that discomfort was maximally severe to "complete the experiment." In SPS, to "complete the experiment" meant to receive the stimulation every 30 s for one hour. In TBS, to "complete the experiment" meant to receive the stimulation continuously for 40 seconds, similar to the original protocol [2, 51] . The tolerability was evaluated using a three-level descriptive scale ("none," "moderate," and "severe"), in which "none" represented that no feeling of intolerance occurred, "moderate" represented that the stimulation was sensible but tolerable, and "severe" represented that the stimulation was intolerable and should be stopped immediately.
Online navigation
An online navigation system (TMS Navigator-SW, Localite GmbH, Germany) was used to enssure that the stimulation was administered at the accurate locations. The image data used for navigation were acquired using a 3-T MRI scanner and a 64-channel head coil (Siemens Prisma, Erlanger, Germany). T1-weighted structural images were obtained for anatomical ref-
). The T1 images were registered to the subject's head in space using a tracking device and navigation software. The position and orientation of the TMS coil were also registered to the subject's head in space and were recorded during each time of stimulation.
Data analysis
Discomfort ratings in the dorsolateral vs. ventrolateral prefrontal cortex were tested using a paired t-test at a group level. The test-retest reproducibility of the discomfort ratings was examined using a correlation of the ratings across electrode positions at the test and retest for each subject, and the correlation coefficients were transformed to Fisher's z and were tested using a paired t-test at a group level. The test-retest reproducibility of the intolerability ratings was examined by calculating the percentage of the test-retest matches for each subject and was evaluated using a nonparametric test (Wilcoxon signed-rank test) at a group level. Logistic regression analyses were performed to investigate the relationship between the discomfort rating (0 to 10) as an independent variable and the proportion of intolerability ("none," "moderate," or "severe") as a dependent variable.
Interpolation to generate 3D probability maps
It would be helpful to predict the level of discomfort and tolerability at MNI coordinates of the voxels of interest in the lateral prefrontal cortex. We interpolated the evaluation scores collected at 11 stimulation positions and calculated the evaluation scores at all coordinates in the lateral prefrontal cortex. For the interpolation processing in a three-dimensional space, a stimulation line was defined. The stimulation line indicates the geometrical vector between the TMS coil and the target brain region, and the same discomfort and intolerability ratings were assigned along the stimulation line for each stimulation position, stimulus condition and subject. The predicted value V predict , of the discomfort or the intolerability was calculated for each voxel in the lateral prefrontal cortex by interpolating the values from the three nearest stimulation lines as follows:
where V 1 , V 2 , and V 3 are the original values of the 1st, 2nd, and 3rd nearest stimulation lines, respectively, and d 1 , d 2 , and d 3 are the distances between the voxel and the 1st, 2nd, and 3rd lines, respectively. The maps of the predicted values calculated for each subject were normalized in the standard MNI space (ICBM152) and were averaged across subjects. Thus, the rating of discomfort could be predicted for each specific voxel, with a range from 0 to 10. Intolerability reports were transformed into binary values in the interpolation processing: "none" (no feeling of intolerance) or "moderate" (the stimulation was sensible but tolerable) as 0 and "severe" (the stimulation was intolerable and should be stopped immediately) as 1. Thus, the probability of a stimulation being intolerable at a voxel (0 to 1) could be predicted.
Results
Discomfort and intolerability
The ratings of discomfort induced by SPS and TBS were averaged across subjects for each stimulation position (Fig 2) . In the SPS blocks (Blocks 1, 2 and 3), the overall rating increased with the stimulus intensity. The rating was relatively greater in the ventrolateral prefrontal cortex (Fp2, AF8, F8 and FC8) than that in the dorsolateral prefrontal cortex (F2, F4, FC2 and FC4) [t(19) = 8.6, P < 0.001], which is consistent with the smaller number of the extant TMS studies of the ventrolateral prefrontal cortex (approximately one-third, based on our PubMed search). S1 Fig shows the ratio of the increase in the TMS intensity to the level of discomfort and tolerability based on the results of 30% and 50% maximal output in SPS. In the TBS block (Block 4), the rating of discomfort was similar to Block 2 both in magnitude and spatial pattern [t(19) = 6.8, P < 0.001]. Both SPS and TBS elicited maximal discomfort at the stimulation position F8. Fig 3 shows how the discomfort was intolerable for the subjects. The spatial pattern of intolerability was similar to that of the discomfort rating in each stimulus condition, and SPS and TBS at F8 under the standard TMS protocol (SPS: 120% of RMT; TBS: 80% of AMT) were intolerable for approximately 10 of 20 subjects.
Test-retest reliability
To examine the test-retest reliability, we calculated the Pearson's correlation coefficient of the discomfort ratings for each subject between the test (Block 2) and retest blocks at the 11 stimulation positions. The ratings of discomfort of the test blocks significantly correlated with those of the retest blocks [Fisher's z: mean = 1.25, SD = 0.30, one-sample t-test, t(9) = 13.0, P < 0.001] (Fig 4A) . We also examined the consistency of the tolerability between the test and retest blocks for each subject at the 11 stimulation positions. The subjects consistently reported their intolerability [mean = 71.8%, SD = 15.1%, Wilcoxon signed-rank test, z = 2.8, P = 0.005, chance-level = 33.3%] (Fig 4B) . These results indicate that discomfort and tolerability were consistent across the different blocks.
Relationship between the two evaluation scores
As shown in Figs 2 and 3 , the discomfort and intolerability ratings were closely related. We used a logistic regression analysis to quantify the relationship between the discomfort rating (0 to 10) and the proportion of intolerability ("none," "moderate," or "severe"). The probability of "severe" for each rating value in the 11 stimulation positions of the subjects was calculated for the SPS at 120% of the RMT, and the 50% point scored 8.55 in the discomfort rating ( Fig  5A) . The probability of "severe" was also calculated for the TBS at 80% of the AMT, and the 50% point scored 8.16 in the discomfort rating (Fig 5B) , consistent with the results of the SPS. Similarly, the probability of "severe" or "moderate," rather than "severe" only, for each rating value in the 11 stimulation positions of the subjects was subsequently calculated for the SPS at 120% of the RMT, and the 50% point scored 3.84 in the discomfort rating (Fig 5C) . The https://doi.org/10.1371/journal.pone.0217826.g002
probability of "severe" or "moderate" was also calculated for the TBS at 80% of the AMT, and the 50% point scored 3.36 in the discomfort rating (Fig 5D) , consistent with the results of the SPS.
Estimation of discomfort and intolerability in any lateral prefrontal region
The two evaluation scores were measured only at the 11 stimulation positions. To estimate the value of the two evaluation scores at any target voxel in the lateral prefrontal cortex, the values at the voxel were interpolated from the three nearest stimulation lines (refer to Methods). Table 1 shows the average MNI coordinates of the intersection points where the 11 stimulation lines cross the brain surface. Fig 6A shows one example slice (sagittal slice at X = 21) of such images of the discomfort rating near the electrode F2 for the four stimulation conditions. The slice is also shown for the intolerability probability in Fig 6B. Because the extent of stimulation into the brain tissue is limited, the images were calculated only for 4 cm from the head surface to cover the brain surface region. These interpolation images enable us to estimate the additional number of subjects required in stimulating a target in the lateral prefrontal cortex. The image files for the interpolated values are available as supplementary materials (S1 File).
Discussion
The present study investigated discomfort and intolerability for subjects during SPS and TBS administered to the lateral prefrontal stimulation positions of the high-resolution extended 10-20 system. The SPS and TBS of the ventrolateral prefrontal cortex elicited greater discomfort and intolerability than that of the dorsolateral prefrontal cortex. The magnitude of discomfort and intolerability was similar in the SPS and TBS, and the intolerability was maximal (~50%) at stimulation position F8, which indicates that the number of subjects to be recruited would have to be double the intended sample size. The image file of the voxelwise probability of intolerability in the lateral prefrontal cortex is provided as supplementary data (S1 File), which would be useful in estimating the additional number of subjects to be recruited.
Discomfort during TMS to the lateral prefrontal cortex consists of pain and twitches caused by nerves and muscles, respectively [9-16, 49, 50] . The first branch of the trigeminal nerve (ophthalmic nerve) innervates a wide range of the forehead. TMS of the rostral part of the lateral prefrontal cortex often activates the trigeminal nerve; however, the stimulation of the ventrolateral prefrontal cortex may cause greater discomfort due to the activation of a greater number of nerve fibers. Moreover, the temporal muscle is activated by stimulation of the caudal part of the ventrolateral prefrontal cortex. The spatial pattern of discomfort reported in this study, in which greater discomfort was reported in the ventrolateral prefrontal cortex in all four stimulation conditions, 30% Max SPS, 50% Max SPS, 120% RMT SPS and TBS, appears consistent with the sum of the distribution of the involved nerves and muscles.
TBS was administered for only 1 second in the present study to minimize the total amount of stimulation over the 11 stimulation positions instead of the 40 seconds of the standard protocol [2, 51] . It is possible that the stimulation effect accumulates over the 40 seconds, making the intolerability greater than the reported results. On the other hand, subjects tend to become habituated over time [43, 45] , and it seems likely that the increase of intolerability would be minimal. It is noted that the present study examined Japanese subjects. The motor threshold is known to be lower in Caucasian than in Han Chinese subjects [64] , and intolerability is likely lower in Caucasian subjects because of the lower RMT and AMT. It is also noted that the effect of TMS depends on the distance between TMS coil and the target brain region, and a greater The relationship between the discomfort rating (0 to 10) as an independent variable and the proportion of intolerability ("none," "moderate," or "severe") as a dependent variable. The solid curve indicates a logistic regression. The probability of "severe" for each rating value in the stimulation positions of the subjects was calculated for the SPS at 120% of the RMT. (B) Similar to (A), with the exception that the probability of "severe" was calculated for the TBS at 80% of the AMT. (C) Similar to (A), with the exception that the probability of "severe" or "moderate" for each rating value in the stimulation positions of the subjects was calculated for the SPS at 120% of the RMT. (D) Similar to (A), with the exception that the probability of "severe" or "moderate" was also calculated for the TBS at 80% of the AMT.
https://doi.org/10.1371/journal.pone.0217826.g005 stimulation intensity will be required when deeper brain regions are targeted [58] [59] [60] . Therefore, the present results of discomfort/intolerability primarily pertain to surface regions. The required number of subjects for inclusion in TMS studies depends on the significance level, the statistical power, and the magnitude of expected changes in measured behavioral/ MEP effects induced by TMS. Intolerability measured in the present study can be used to expect potential drop-outs due to discomfort experienced during TMS and calculate the likely number of subjects to be recruited in the initial phase of the study. This approach can be applied to other forms of brain stimulation techniques, such as transcranial current direction stimulation [65] [66] [67] . The interpolation images (Fig 6) enable us to estimate the additional number of subjects required in stimulating activated regions in the lateral prefrontal cortex reported in previous fMRI studies. For example, in the study by Osada et al., 2019 [57] , for the lateral prefrontal activation located at MNI coordinates (49, 11, 26) , the estimated probability of intolerability for the region was 18% and 25% for the SPS and TBS, respectively. The results indicate that when 20 subjects are required for data collection, the actual number of subjects to be recruited would be approximately 25. In addition, in the study by Chikazoe et al., 2009 [68] , for the lateral prefrontal activation located at (56, 16, 16) , the estimated probability of intolerability was 30% and 32% for the SPS and TBS experiments, respectively, which indicates that when the data are to be collected from 20 subjects, the actual number of subjects to be recruited would be approximately 30 (for example, 30% of 30 subjects, i.e., 9 subjects, will be excluded, resulting in a final size of 21, approximately 20, subjects).
Importantly, even when stimulation of the ventrolateral prefrontal cortex is experimentally executable, the discomfort caused by stimulation confounds the behavioral performance [50] . For the confound to be managed, it is advisable to choose control sites with similar levels of discomfort rather than simply using sham TMS [49, [69] [70] [71] [72] . Although TMS studies of the ventrolateral prefrontal cortex are relatively rare at this point, the present study may encourage future studies targeting the ventrolateral prefrontal cortex by providing the additional number of subjects required for the study in planning the experimental protocols. 
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